The Applications of Energy Decomposition Analysis Methods by 刘辉
 
 
学校编码：10384                                分类号      密级        



















吴  玮 教  授 
专  业 名 称：物 理 化 学 
论文提交日期：2013 年 6 月 
论文答辩时间：2013 年 6 月 
学位授予日期：2013 年  月 
  
答辩委员会主席：           
评    阅    人：           
 






















另外，该学位论文为（                                                        ）课题（组）
的研究成果，获得（                              ）课题（组）经费或实验室的





























（     ）1.经厦门大学保密委员会审查核定的保密学位论文，
于   年  月  日解密，解密后适用上述授权。 







                             声明人（签名）： 


















摘  要 ............................................................................................................. V 
英文摘要 .......................................................................................................... VII 
第 1 章 绪论...................................................................................................... 1 
 分子间相互作用................................................................................ 1 1.1
 能量分解方法.................................................................................... 2 1.2
 本文的主要工作................................................................................ 4 1.3
参考文献........................................................................................................ 6 
第 2 章 定域化分子轨道能量分解方法简介.................................................. 8 
 LMO-EDA 方法 .................................................................................... 8 2.1
 EDA-PCM 方法 .................................................................................. 10 2.2
2.2.1 溶剂化方法介绍 ....................................................................... 11 
2.2.2 EDA-PCM 算法简介 ................................................................. 13 
 KS-EDA 方法 ..................................................................................... 16 2.3
2.3.1 DFT 介绍 ................................................................................... 16 
2.3.2 KS-EDA 方法 ............................................................................ 18 
2.3.3 KS-EDA-PCM 方法 ................................................................... 21 
 小结.................................................................................................. 23 2.4
参考文献...................................................................................................... 25 
第 3 章 EDA-PCM 方法的应用研究............................................................. 31 
 PCM 方法的影响 ................................................................................ 31 3.1
 PCM 模型中原子半径的选取 ............................................................ 35 3.2
3.2.1 UAHF/UAKS 原子半径 ............................................................ 36 
3.2.2 UFF 原子半径 ............................................................................ 36 
3.2.3 原子半径的影响 ....................................................................... 37 
 双聚水的解离曲线.......................................................................... 38 3.3
 均相溶液环境.................................................................................. 41 3.4
3.4.1 闭壳层体系中的相互作用 ....................................................... 41 
















 非均相溶液环境.............................................................................. 44 3.5
3.5.1 四聚水 ....................................................................................... 44 
3.5.2 甘氨酸与水 ............................................................................... 46 
3.5.3 二价铜离子与咪唑 ................................................................... 48 
 小结.................................................................................................. 49 3.6
参考文献...................................................................................................... 51 
第 4 章 KS-EDA 方法的应用研究 ................................................................ 52 
 氢键相互作用.................................................................................. 53 4.1
 范德华相互作用.............................................................................. 55 4.2
 配位相互作用.................................................................................. 58 4.3
 小结.................................................................................................. 60 4.4
参考文献...................................................................................................... 61 
第 5 章 LMO-EDA 方法在研究蓝移氢键中的应用 .................................... 62 
 氢键.................................................................................................. 62 5.1
5.1.1 氢键的几何构型和影响强度的因素 ....................................... 62 
5.1.2 特殊氢键 ................................................................................... 63 
5.1.3 氢键的分类 ............................................................................... 64 
5.1.4 蓝移氢键的理论研究 ............................................................... 65 
 计算说明.......................................................................................... 67 5.2
 结果与讨论...................................................................................... 68 5.3
5.3.1 几何驰豫的影响 ....................................................................... 68 
5.3.2 空间位阻效应 ........................................................................... 71 
5.3.3 研究形成氢键时 C-H 键的变化 .............................................. 72 


















TABLE OF CONTENTS 
iii 
 
TABLE OF CONTENTS 
Abstract in Chinese ............................................................................................... V 
Abstract .......................................................................................................... VII 
Chapter 1 Introduction .......................................................................................... 1 
 Intermolecular Interactions ................................................................ 1 1.1
 Energy Decomposition Methods ........................................................ 2 1.2
 The Work of thesis ............................................................................. 4 1.3
References ...................................................................................................... 6 
Chapter 2 An Introduction to EDA....................................................................... 8 
 LMO-EDA ............................................................................................. 8 2.1
 EDA-PCM ........................................................................................... 10 2.2
2.2.1 An Introduction to Solvation Models ........................................ 11 
2.2.2 EDA-PCM Method ..................................................................... 13 
 KS-EDA .............................................................................................. 16 2.3
2.3.1 DFT ............................................................................................ 16 
2.3.2 KS-EDA Scheme ........................................................................ 18 
2.3.3 KS-EDA-PCM Scheme .............................................................. 21 
 Summary .......................................................................................... 23 2.4
References .................................................................................................... 25 
Chapter 3 The Applications of EDA-PCM ......................................................... 31 
 CPCM & IEFPCM .............................................................................. 31 3.1
 Cavity Radius Models ......................................................................... 35 3.2
3.2.1 UAHF/UAKS Atom Radiis ........................................................ 36 
3.2.2 UFF Radii ................................................................................... 36 
3.2.3 The Effect of Atom Radii .......................................................... 37 
 The Dissociation Curve.................................................................... 38 3.3
 Homogenous Solvation .................................................................... 41 3.4
3.4.1 The Close Shell Systems ........................................................... 41 













TABLE OF CONTENTS 
iv 
 
 Hetergenous Solvation ..................................................................... 44 3.5
3.5.1 Water Tetramer .......................................................................... 44 
3.5.2 Glycine…H2O ........................................................................... 46 
3.5.3 Cu2+ …1,3-diazole ..................................................................... 48 
 Summary .......................................................................................... 49 3.6
References .................................................................................................... 51 
Chapter 4 The Applications of KS-EDA ............................................................. 52 
 Hydrogen Bond Systems.................................................................. 53 4.1
 Van der Waals Interactions .............................................................. 55 4.2
 Coordination Interactions ................................................................. 58 4.3
 Summary .......................................................................................... 60 4.4
References .................................................................................................... 61 
Chapter 5 The Applications of LMO-EDA ......................................................... 62 
 Hydrogen Bond ................................................................................ 62 5.1
5.1.1 Geometrics of Hyrogen Bond .................................................... 62 
5.1.2 Special Hydrogen Bond ............................................................. 63 
5.1.3 Classfication of Hydrogen Bond ............................................... 64 
5.1.4 The Theoritical Research About Blue-Shift Hydrogen Bond ... 65 
 Computational Details ..................................................................... 67 5.2
 Results and Discussiones ................................................................. 68 5.3
5.3.1 The Effect of Molecular-Geometry ........................................... 68 
5.3.2 Steric Effect ............................................................................... 71 
5.3.3 The C-H Bond Curve ................................................................ 72 
 Summary .......................................................................................... 73 5.4
References .................................................................................................... 75 
List of Publications .............................................................................................. 77 




































LMO-EDA 方法使用不同 DFT 方法进行能量分解遇到了一些困难，基于此，
我们在 LMO-EDA 和 EDA-PCM 的基础上针对 DFT 方法对能量分解的计算流程
进行了改进，开发了一种新的方法 KS-EDA，KS-EDA 方法使用不同的 DFT 方
法进行能量分解可以得到一致的结果，且与二级微扰（MP2）方法的分析结果接
近。 






















和 IEFPCM 来计算溶剂效应，两种方法得到的结果的结果基本一致。 
3. KS-EDA 方法的应用研究 
近几十年来密度泛函（DFT）方法得到了高速发展，成为最受欢迎的理论方
法。在本文中我们选取 11 种常用的密度泛函方法（包括纯 GGA 泛函，杂化 GGA
泛函，纯 meta-GGA 泛函，杂化 meta-GGA 泛函）分别使用 LMO-EDA，EDA-PCM，
KS-EDA 和 KS-EDA-PCM 方法，对不同的相互作用进行能量分解，对比不同方
法的结果，我们可以发现 KS-EDA 和 KS-EDA-PCM 方法得到的结果（各能量分
项的值）一致性较好，不同泛函方法对相互作用的影响可以归结为相关项的不同
所导致。 
4. 利用 LMO-EDA 方法研究蓝移氢键 
我们使用 LMO-EDA 研究了蓝移氢键和红移氢键的差异。传统的氢键形成
后，都会导致 X-H 键被削弱，在红外光谱上的 X-H 振动频率会向低频移动，即























Intermolecular interactions, playing an important role in chemistry, physics, and 
life science, have received widespread attentions by theoretical chemists. Many 
analysis schemes in the framework of quantum mechanics have been developed to 
explore the nature of intermolecular interactions in various environments. One of the 
most widely used methods is energy decomposition analysis method (EDA). The 
EDA method decomposes the interaction energy into different parts which have their 
specific physical meanings, such as electrostatic, repulsion, polarization, charge 
transfer, dispersion interaction and so on, providing deep insight for various 
intermolecular interactions. This thesis is organized as follows: 
Part 1. An Introduction to LMO-EDA, EDA-PCM and KS-EDA 
Firstly, LMO-EDA is introduced briefly. Sequentially, two EDA schemes, 
EDA-PCM and KS-EDA are presented in detail, To investigate the intermolecular 
interaction in solvated environments, a new interaction analysis scheme has been 
developed, called EDA-PCM, which is based on the LMO-EDA method. The 
EDA-PCM method available in both homogenous and heterogeneous solvation. 
Due to the fact that LMO-EDA meets some difficultly with latest DFT methods, 
a new energy decomposition scheme with Kohn-Sham(KS) orbitals named KS-EDA 
is proposed. Different with LMOEDA, the interaction terms in KS-EDA, including 
electrostatic, exchange, repulsion, polarization, are defined according to KS orbitals, 
while the correlation term is defined by the variation of DFT correlation energy. 
Part 2. The Applications of the EDA-PCM Method 
In this part, the EDA-PCM analysis using different PCM methods, cavity radius 
model, geometries are shown and discussed. Sequentially, the EDA-PCM analysis 
results for various bonding and nonbonding interactions in homogeneous and 
















method is able to take the influence of implicit solvent effects into account for 
intermolecular interactions with temperature dependency quite well. And in 
EDA-PCM, the introduction of desolvation term describes solvation penalty by 
environment due to the existence of interaction among monomers. In most of cases, 
the change of desolvation energy is the main factor for the variation of total 
interaction energy from gas phase to various solvated environments, the desolvation 
term is mainly controlled by the valence states and charges of monomers. 
Part 3. The Applications of the KS-EDA Method 
In this part, from level 1 to level 4 in the Jacob's ladder, 11 commonly used DFT 
methods (include pure GGA, Hybrid GGA, pure meta-GGA, Hybrid meta-GGA) 
were used to energy decomposition analysis, and the results of various DFT methods 
show that the definition is able to provide meaningful interaction analysis in various 
environments. In general, despite the difference of the functional forms, if they 
provide similar total interaction energies, the corresponding interaction analysis 
results are also in agreement. 
Part 4. The Applications of the LMO-EDA Method 
The LMO-EDA is applied to study the nature of blue-shift hydrogen bond. By 
comparing the results of the energy decomposition on the red-shift and blue-shift 
hydrogen bond, the interaction energy of red-shift and blue-shift hydrogen bond are 
mainly controlled by the electrostatic, and the steric interaction in the blue-shift 
hydrogen bond is more important than that in the red-shift hydrogen bond. 
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和对物质性质的影响。1939 年 Pauling 在《化学键的本质》一书中详细阐述了氢
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见的能量分解方法包括收缩空间轨道变分（Constrained Space Orbital Variation）
[19]，减小变分空间分析（Reduced Variational Space Analysis）[20,21]和绝对定域分
子轨道（Absolutely Localized Molecular Orbital）EDA[22]，以及 Chen 和 Gordon
拓展到研究多体作用[20]等。另外能量分解方法可以结合自然轨道方法（Natural 
Bond Orbital，NBO）[23,24]和原子在分子中（Atoms In Molecules，AIM）[25-27]共
同探讨各种问题，扩大应用范围。 
下面我们将介绍三种具有代表性的能量分解方法： 
1.2.1 Kitaura-Morokuma 能量分解方法 
应用最为广泛的能量分解分析方法最初是由 Kitaura, Morokuma 等在上世纪

















 int es pol ct ex mixE E E E E E            (1.1) 
其中： intE 为两个单体间的总相互作用能； esE 为经典的静电相互作用能；
polE 主要代表诱导偶极间的相互作用； ctE 为一个单体中占据轨道上的电子离





由于 KM 能量分解方法是建立在 HF 级别，所以计算精度稍有欠缺，而且它只适
用于闭壳层体系，在计算过程中亦没有考虑基组重叠误差（BSSE）的影响。在
量子化学计算软件包 ADF[28]中，已经将 KM 能量分解分析方法推广到了
Kohn-Sham 密度泛函级别。 
1.2.2 自然轨道能量分解方法 




 int ct es def bsseE E E E E          (1.2) 
其中 ctE 表示电荷转移作用； esE 表示静电相互作用能； defE 为单体到超





















2000 年 Yirong Mo 等提出了基于块定域波函数（ Block Localized 
Wavefunction，BLW）的能量分解方法——块定域波函数能量分解方法（BLW-ED）
[30-32]，BLW-ED 中将相互作用能分解为静电、交换排斥、极化和电荷转移四项： 
 int elec ex pol ctE E E E E          (1.3) 
其各 elecE 为经典的静电相互作用； exE 为 Pauli 排斥作用； polE 为电荷重












法计算多体相互作用；（3）仅适用于 Hartree-Fock 波函数。Su 等人 2009 年发展
了定域化分子轨道能量分解方法，可以使用更多的后自洽场方法进行能量分解；
2012 年 Su 等人进一步发展适用于溶剂环境的能量分解方法，最近又开发了适用
于 KS-DFT 的能量分解方法。这一系列能量方法计算简洁，扩展性好，获得了大


























第四章主要介绍 KS-EDA 方法的应用实例。我们选取了 11 种常见的密度泛
函方法分别对氢键、离子间相互作用、配位相互作用、范德华相互作用等进行了
计算分析，结果表明新的方法（KS-EDA）对于不同类型的 DFT 方法可以取得一
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